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Dumbbell-Like Au-Fe3O4 Nanoparticles: A New 
Nanostructure for Supercapacitors 

Sheng Liu,a,b Shaojun Guo,b Shouheng Sunb,* and Xiao-Zeng Youa,* 

Monodispersed dumbbell-like Au-Fe3O4 nanoparticles (NPs) 
were synthesized and studied for use in supercapacitors. The 
dumbbell NPs show Au/Fe3O4-size dependent capacitive 
behaviors and the 7-14 nm Au-Fe3O4 NPs have the best specific 
capacitance of 464 F g-1 at 1 A g-1 and capacity retention of 
86.4% after 1000 cycles, much larger than the pure Fe3O4 NPs 
(160 F g-1 and 72.8% retention). This capacitive enhancement 
is believed to arise from Au-induced increase in electron 
transfer across the dumbbell-like NPs. The report 
demonstrates a new strategy to enhance oxide NP capacitance 
for applications in high performance supercapacitors. 

Rapid increase in energy consumption has stimulated serious 
inquiries about the sources of energy that is clean and sustainable. 
Supercapacitor is a popular energy storage device designed to have 
high power density, long-life cycle and short charge-discharge time.1-

5 To achieve high capacitive performance, its electrodes are better 
consist of inorganic nanostructured materials, including carbon 
nanomaterials,6-8 metal oxide nanoparticles,9, 10 and metal oxide 
nanowires/nanotubes.11, 12 Especially, electrochemically active metal 
oxides are even more advantageous for charge build-up to reach high 
capacitance. Fe3O4 is an inexpensive and non-toxic electrode material 
studied. Due to the stable redox properties of Fe(III)/Fe(II), Fe3O4 is 
expected to show MnO2- or RuO2-like pseudocapacitive 
performance.13-15 However, pure Fe3O4 exhibit a capacitance only 
around 100 F g-1 or less due likely to its surface oxidation (to Fe2O3) 
and low electrical conductivity.16-18 To enhance capacitive 
performance, Fe3O4 nanostructures can be coupled with a conductive 
carbon support,13-15, 19-24 or with a conductive metal.25-27 For example, 
when loaded on reduced graphene oxide, Fe3O4 particles show 
capacitances as high as 480 F g-1, the highest value ever reported for 
Fe3O4.20 However, the electrode is made by a spray deposition method 
and has very limited materials loading for practical applications. 

Here we report a new strategy to enhance Fe3O4 nanoparticle (NP) 
capacitance via dumbbell-like Au-Fe3O4 structure. Dumbbell-like Au-
Fe3O4 NPs have been synthesized28 and studied for catalysis, 
magnetism and drug delivery because of the unique physical and 
chemical properties induced by synergetic effect between Au and 
Fe3O4.29-31 Comparing with the commonly studied systems containing 

NPs loaded onto a solid support or core/shell structure, the dumbbell 
Au-Fe3O4 NPs have strong interfacial interactions between the NPs 
and the support, and have both metal and metal oxide exposed to the 
electrolyte, realizing effective electron-transfer. Using dumbbell Au-
Fe3O4 NPs as an example, we demonstrate that capacitive 
performance of the structure can be tuned by the sizes of both Au and 
Fe3O4, and the capacitance of the 7-14 nm Au-Fe3O4 NPs reaches 464 
F g-1 at 1 A g-1. 

 

Figure 1. TEM images of the as-synthesized a) 5-14 nm, b) 5-21 nm, 
c) 7-14 nm, and d) 7-21 nm Au-Fe3O4 NPs. Scale bars: 20 nm. e) 
HRTEM of a single Au-Fe3O4 NP. Scale bar: 5 nm. 

 
The Au NPs of different sizes (Figure S1a,b) were synthesized by 

reduction of HAuCl4·3H2O using borane tert-butylamine (BBA) as 
reductant.32 Fe3O4 were then nucleated on these Au seeds by injecting 
Fe(CO)5 at 120 , followed by heating at 300  and air oxidation. 
The Fe3O4 sizes were controlled by the amount of Fe(CO)5 injected. 
Figure 1 a-d shows the TEM images of 5-14 nm, 5-21 nm, 7-14 nm 
and 7-21 nm Au-Fe3O4 NPs. Figure 1e shows the high-resolution 
transmission (HRTEM) image of Au-Fe3O4 NPs.  Fe3O4 is in single 
crystalline with the interfringe distance of 0.262 nm, matching the 
lattice spacing of the (311) planes of Fe3O4. Single component Fe3O4 
NPs (Figure S1c) were also made by etching Au away from the Au-
Fe3O4 NPs using KI/I2 solution as an etching agent and further used 
as a control.31 Figure 2 shows the powder XRD patterns of the Au-
Fe3O4 and the control Fe3O4 NPs. All the peaks of Au-Fe3O4 match 
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well with separated Au and Fe3O4 in the powder XRD pattern 
database indicating that a pure phase was obtained. 

 

Figure 2. XRD patterns of Au-Fe3O4 NPs, the control Fe3O4 NPs 
obtained by etching Au away from the Au-Fe3O4 NPs, and the 
standard (JCPDS) diffraction position of cubic structured Au and 
Fe3O4. 

 
To study the capacitive performance of the dumbbell NPs, we 

deposited these NPs on Ketjen carbon support (Figure S1d), and then 
mixed the NP-carbon powder with polyvinylidene fluoride (PVDF) in 
N-methylpyrrolidone (NMP) to form an electrode material paste. We 
painted the paste onto a Ni foam current collector and analyzed the 
capacitive behaviors of the NP-electrode. As shown in Figure 3a, the 
Au-Fe3O4 NPs have a wide potential window from -1.0 V to 0.4 V in 
6 M KOH solution which is consistent with previous reports on Fe3O4 
NPs.14 We found that Au-Fe3O4 with different sizes exhibit different 
charge and discharge times (Figure 3b), which are all significantly 
longer than the  control Fe3O4 NPs, indicating a better performance of 
the Au-Fe3O4 NPs. 

At 1 A g-1, the control Fe3O4 NPs show a specific capacitance of 
160 F g-1, which is higher than the Fe3O4-carbon systems reported 
previously,13, 15 due likely to the high surface area gained from the 
better controlled Fe3O4 NP size effect. As a comparison, the specific 
capacitances of the dumbbell NPs are all increased, reaching 464, 383, 
302, 255 F g-1 for the 7-14 nm, 7-21 nm, 5-14 nm, 5-21 nm Au-Fe3O4 
NPs, respectively. From the specific capacitance equation,  

                                       
∆

∆
                                         (1) 

 
where C is the specific capacitance, I is the charge/discharge current, 
∆  is the discharge time, m is the mass of active materials on the 
electrode and	∆  is the potential window, we can see when the current 

density  and potential window ∆  remain the same, the specific 

capacitance C is only proportional to the discharge time ∆ , hence we 
can compare capacitance of different NPs using their discharge time. 
Figure 3c and d show the NP size-dependent galvanostatic charge 
discharge behaviors, from which we see clearly NPs with larger Au 
and smaller Fe3O4 tend to have better capacitance at 1 A g-1 and this 
trend maintains through all the current densities (Figure 3e). Stability 
tests of the Au-Fe3O4 and the control Fe3O4 NPs at 10 A g-1 (Figure 
3f) indicate that the control Fe3O4 NPs maintain 72.8% of the original 
capacitance after 1000 cycles while in the same test condition, the Au-
Fe3O4 NPs retain much higher capacitance up to  86.4% for the best 
performed 7-14 nm Au-Fe3O4 NPs. 
 

 

 

Figure 3. The electrochemistry data of the as-synthesized Au-Fe3O4 
NPs and the control Fe3O4 NPs, a) Cyclic voltammograms obtained at 
the scan rate of 5 mV s-1, b) Galvanostatic charge discharge test at 1 
A g-1, c) Fe3O4 size effect on the galvanostatic charge discharge test 
at 1 A g-1, d) Au size effect on the galvanostatic charge discharge test 
at 1 A g-1 , e) Specific capacitance at different current densities and f) 
the stability test results of the NPs in 1000 cycles. 

Table1. The Rct simulated from EIS results. 
 

Sample Rct (Ω) Sample Rct (Ω) 

7-14 nm Au-Fe3O4 1.73 7-21 nm Au-Fe3O4 3.51 

5-14 nm Au-Fe3O4 4.49 5-21 nm Au-Fe3O4 5.77 

Control Fe3O4 9.34   

 
Since Au is more conductive in the dumbbell NPs, a larger 

Au/Fe3O4 ratio should lead to a lower resistance and a better 
capacitance. This was verified by the electrochemistry impedance 
spectroscopy (EIS) in Figure 4. In EIS study, resistance is divided into 
two categories: the solution resistance Rs and the charge transfer 
resistance Rct. As the test condition remains the same, Rs of different 
samples are always close to each other. On the other hand, the charge 
transfer resistance Rct, which represents the resistance from the 
electrode surface to the electrolyte, varies along with the conductivity 
of the active materials. The equivalent circuit of the supercapacitor 
can be simulated from the EIS results. As seen in the inner graph of 
Figure 4, the simulated equivalent circuit consists of a solution 
resistance Rs, a charge transfer resistance Rct and two constant phase 
elements QPE1 and QPE2. Simulated Rct of all the samples are listed 
in Table 1. From this Table, we can see that Rct of the control Fe3O4 
is dramatically larger than that of the Au-Fe3O4 NPs as expected. The 
dumbbell NPs with larger Au and smaller Fe3O4 have better 
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conductivity. This study can also explain the capacitive performance 
differences among all the samples. 

 

Figure 4. The electrochemical impedance spectroscopy of the as-
synthesized Au-Fe3O4 NPs and the control Fe3O4 NPs; simulated 
equivalent circuit is shown in the inset. 

 

Scheme 1. The proposed energy storage mechanism in (a) pure Fe3O4; 
b) the dumbbell Au-Fe3O4 NPs; and c) the core/shell NPs. 

The capacitance behaviors of the reported NPs are proposed and 
outlined in Scheme 1. Scheme 1a shows the reaction route from the 
pure Fe3O4 NPs with their electrochemical behavior dominated by 
electron transfer from Fe3O4 to electrolyte.33 When it comes to Au-
Fe3O4 NPs, the electron generated from Fe(II) to Fe(III) oxidation can 
be transferred to Au and further to electrolyte (Scheme 1b). This 
process can effectively reduce the charge transfer resistance Rct and 
hence improve the capacitive performance. This mechanism can also 
explain why dumbbell NPs are a better choice than the core/shell NPs 
with either Fe3O4 or Au as a shell (Scheme 1c). When the structure is 
metal/metal oxide core/shell, because the metal oxide has a relatively 
poor conductivity, making it difficult for electrons to reach the metal 
core unless an ultrathin oxide shell is presented.27 On the other hand, 
when the metal oxide/metal core/shell structure is present, the 
electrolyte ion cannot contact the metal oxide surface to initiate the 
reaction, the capacitance effect are hindered by the metal shell. 

Conclusions 

In summary, the current work reports a new idea to enhance Fe3O4 
conductivity by forming Au-Fe3O4 dumbbell NPs. By tuning the sizes 

of both Au and Fe3O4, a specific capacitance of 464 F g-1 is achieved 
by 7-14 nm Au-Fe3O4 NPs at 1 A g-1, which is close to the best 
capacitive performance ever reported with Fe3O4 as active materials.20 
This methodology can also be applied to other metal oxide like Co3O4, 
MnO2, and Au may be replaced by Ag, providing a general path to 
improve the conductivity of transition metal oxides to maximize their 
capacitive performances. 
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